INTRODUCTION
The central region of Taiwan was struck by a magnitude 7.6 (Richter scale) earthquake, 21 September 1999, at 1:47 a.m. local time (20 September, 5:47 p.m. Universal Time). The earthquake was caused primarily by a rupture of the Chelungpu Fault and its epicenter was located close to the town of Chi-Chi, in Nantou County. The earthquake generated a surface fault rupture of about 100 km in length, and the maximum offsets were among the largest ever observed: about 11 m (vertical) and 10 m (horizontal) in the northern part of the Chelungpu Fault. Peak ground accelerations were of the order of 0.30 to 0.50 g, while peak ground velocities were between 40 and 80 cm/sec (Lee and Loh 2000) .
A large number of structures were located in the densely populated area around the epicenter and the surface ruptures. Consequently, the Chi-Chi earthquake caused extensive damage: around 2,400 lives were lost, about 10,000 people were injured, and approximately 100,000 people were left homeless. An important number of structures such as buildings, bridges, dams, tunnels, and transmission towers were destroyed or damaged by strong shaking, large ground offsets, or landslides (Lee and Loh 2000) .
A few years have already passed since the 1999 Chi-Chi earthquake, during which most of the structures that collapsed have been removed and replaced by new construction, and most of the damaged structures have been repaired or rebuilt. The main objectives of this paper are (1) to describe the organization of this unique reconnaissance effort with emphasis on the educational aspects, and (2) to report on some examples of structures affected by the Chi-Chi earthquake that have been rebuilt or repaired, as well as examples of structures affected only slightly (or not at all) by the earthquake that have nevertheless been retrofitted in prevention of damage during future seismic events. These examples provide some insight into the effects of the Chi-Chi earthquake on current construction practice in Taiwan and are deemed of interest to the broader engineering community, which will have to make similar decisions following a major seismic event.
All the above-mentioned examples of new/repaired/retrofitted structures were observed and selected during the recent Tri-Center Field Mission 2002 in Taiwan, where a group of eight graduate students from the three United States earthquake engineering research centers (MAE, MCEER, and PEER) visited the area most affected by the earthquake. Although the objectives of the Tri-Center Field Mission program were primarily of educational nature, new information about the long-term effects of the Chi-Chi earthquake on engineering practice was gathered since the visit took place in May 2002, almost three years after the event.
In this paper, the educational aspects of this reconnaissance trip as well as the response of the Taiwan engineering community to this major earthquake, as evaluated three years after the event, are reported based on the observations of the first two authors, who took part in this field mission as graduate students at the time.
EDUCATIONAL RECONNAISSANCE
The Tri-Center Field Mission was coordinated by Taiwan's National Center for Research in Earthquake Engineering (NCREE), whose members provided comprehensive background information through a series of seminars and logistical support for the field trip. This week-long postreconnaissance trip offered graduate students from all over the United States the opportunity to experience firsthand a real environment affected by a major earthquake. The variety of structural systems affected by a seismic event of this magnitude is broad and offers numerous examples of important failures resulting from common pitfalls in seismic design, that are not only representative of Taiwan engineering practice but are found in most of the world's seismic regions as well. From an edu-cational point of view, visiting an area affected by a major seismic event a few years later has a number of advantages over reconnaissance efforts carried out immediately following the event, since causes of failures are better documented and more extensive, and the retrofit, repair, and replacement strategies that are implemented as a result of the interpretation of these failures can also be observed and discussed.
The Tri-Center reconnaissance team was sponsored by the three centers (MAE, MCEER, and PEER) and was composed of graduate students Stephanie Arbogast (Southern Illinois University at Edwardsville), Cale Ash (University of Illinois at Urbana-Champaign), Charles Chadwell (University of California, Berkeley), Constantin Christopoulos (University of California, San Diego), Shana Crane (Washington State University), Diego Lopez Garcia (University at Buffalo), Amber Grubbs (Texas A&M University), Jennifer Knapp (Georgia Institute of Technology), and a team leader, Professor Paul Roschke (Texas A&M University).
PREPARATION PRIOR TO SITE VISIT
An important part of the success of this educational experience is attributed to the excellent organization of the National Center for Research in Earthquake Engineering (NCREE) in Taiwan.
The program consisted first of two full days of 13 presentations as well as a visit of the center's laboratories. These presentations covered structural behavior issues but also included seismicity, local site effects, landslides, liquefaction, and differential ground movements presenting a complete image of the impact of a major earthquake. The titles of the presentations at NCREE are listed below: Prior knowledge of the reports written in the United States following the reconnaissance efforts immediately after the 1999 Chi-Chi earthquake (Lee and Loh 2000) generated a number of questions that were also addressed by the NCREE hosts, either during the question periods or during site visits.
SITE VISITS
At the end of the two days of presentations, a thorough description of the sites that would be visited in the following days was carried out. Information on the nature of each structure prior to the Chi-Chi earthquake was provided, followed by discussion and illustration of the observed failures, and, finally, the repair/retrofit strategies. Considering that the scientists at NCREE are among the leading earthquake engineers in Taiwan, the information on the engineered retrofit/repair of the structures was in some cases firsthand, as they had been directly involved in the decision-making process.
The site visit included a large number of buildings and bridges that are discussed in the following paragraphs, but also the Feng-Yuan and Chung-Cheng Park fault precipices, the Shi-Kang Dam, the Tsau-Tun Ninety-Nine Peaks landslide, the Chi-Lu Cable Stayed Bridge, as well as the epicenter region in the town of Chi-Chi. All site visits were carried out by two highly qualified researchers, Dr. J. F. Chai and Dr. W. I. Liao from the NCREE, who had been part of the reconnaissance teams immediately following the ChiChi earthquake and who for the past three years had been involved in research on the issues raised by the earthquake. The ability to get answers from highly qualified researchers on site was indeed an invaluable asset.
Each site visit was preceded by a short review of what was discussed about the specific site. The students then were allowed to spend as much time as required at the sites to observe and discuss each structure with the NCREE researchers and among themselves. All students were equipped with digital cameras and documented all visited sites with photographs and notes.
PRESENTATIONS BY TRI-CENTER STUDENTS
After the completion of the site visits, and upon return to NCREE, the MAEC/ MCEER/PEER students prepared two presentations based on the information that was gathered during the field trip. A nontechnical presentation was prepared for a target audience comprising students or adults in the United States who do not have an academic background in engineering or earthquakes and focused primarily on the information gathered on the socioeconomic impact of the Chi-Chi earthquake as well as some technical aspects of general interest. A second presentation was prepared for audiences of graduate students, professors, and practicing engineers affiliated with the MAEC, MCEER, or PEER centers. This second presentation summarized the technical information describing the response of the Taiwan community in terms of the repair/retrofit and upgrade of their structures following the earthquake. Both these presentations were then presented to the host NCREE researchers on the final day of the visit. 
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Despite the fact that the initial goal of this reconnaissance effort was entirely an educational one, it became clear in the course of the site visits that a number of relevant technical observations about the response of the Taiwan community to this devastating earthquake could be made. Considering that most reconnaissance efforts take place in the weeks immediately following a major earthquake, such observations are rarely reported in the literature. The most important observations on the repair, retrofit, and upgrade of buildings and bridges that were gathered during this reconnaissance trip are summarized in the following paragraphs. 
OBSERVATIONS OF NEW CONSTRUCTION, RETROFIT, AND REPAIR OF BUILDING STRUCTURES RESIDENTIAL BUILDINGS
The typical residential building in Taiwan is a two-to five-story reinforced concrete frame structure with masonry infill partitions and exterior walls. A very large number of buildings of this type were built during the second half of the twentieth century in response to the significant increase of population during this period. Most of these structures were designed following prescriptive provisions in local building codes that did not require engineering calculations (Uzarski and Arnold 2001). A photograph of a typical residential building in a commercial area is shown in Figure 1a . From a seismic behavior 
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perspective, the most important characteristics of these buildings are the open front and pedestrian corridor at the side facing the street. These features are the result of both the function of this type of construction (the ground level is usually used for commercial purposes) and local climate conditions (covered passage during the long rainy season) (Tsai et al. 2002) .
At the ground level, the lateral load-resisting system in the direction parallel to the street consists only of a wall located at the back of these buildings. In the upper stories, windowsills or walls were also present at the front of the building. The first story, which presents a strength and stiffness eccentricity, is then significantly weaker and more flexible than the stories above (see Figure 1b) . As reported by Tsai et al. (2002) , approximately 84% of the damaged RC structures are pedestrian corridor buildings, and 45% of these damaged pedestrian corridor buildings were classified as severely damaged or collapsed. This building type also accounted for the majority of complete building collapses near the epicenter (see Figure 2 ).
Other deficiencies, such as short column effects and the lack of adequate transverse reinforcement, also contributed to the poor performance of these buildings. Damage to these buildings was mostly concentrated at the open-front columns, which is clearly a consequence of the structural configuration.
In an attempt to reduce the seismic vulnerability of this type of structure that was clearly exposed by the Chi-Chi earthquake, many residential buildings were retrofitted. In many cases, damaged columns were repaired by the addition of rectangular jackets made up of steel plates of up to 25 mm thick. Columns were then usually covered with ceramic tiles, which impeded the direct inspection of the jacketing. In some cases, damaged beam-column joints were repaired by the addition of an arrangement of welded steel plates intended to provide a stiffened or strengthened moment connection (see Figure 3) , even though the original structural elements are reinforced concrete members. In many other cases, buildings were retrofitted by incorporating new structural members, the majority of which were steel elements. Figure 4 shows an example of a new RC column that has been added to an existing RC structure. In this example, the column is connected directly to the slab and not to the existing beam. Another example is shown in Figure 5 , where an eccentric beam-column joint (i.e., the axis of the column does not pass through the point at which the axes of the beams intersect) has been retrofitted by incorporating a new steel column. In the example shown in Figure 6 , a reinforced concrete beam has been strengthened by attaching an added steel beam directly below the original member. In the two previous retrofitting solution examples (see Figures 5 and  6 ), the added steel elements are attached to the original reinforced concrete members through bolted connections. The thickness of the connection plates and the size of the bolts indicate that these connections are most probably not able to transfer significant moments to the existing structural system, and therefore add little to the lateral loadresisting capacity of these buildings. The addition of new gravity load-supporting elements could provide additional vertical support and avoid complete collapse of the building, however, in the event of the complete failure of the original gravity-supporting elements.
The vast majority of repair and/or retrofit cases were carried out by local contractors hired by the owners. It is evident from the examples presented in the previous paragraph that all these solutions are non-engineered. It appeared that the primary goals of these interventions were to provide quick fixes to visible damage and to increase the confi- 
dence of the residents to reoccupy their buildings. Interestingly enough, it was observed that owners of buildings who repaired and/or retrofitted following the techniques described in the previous paragraph seemed convinced that their buildings had been effectively upgraded, while it is evident that no real improvement was achieved and that the seismic vulnerability of these buildings is basically the same as it was before the ChiChi earthquake.
It was also observed that many new mixed commercial-residential buildings in urban areas have essentially the same structural configuration as shown in Figure 1b . This observation applies to both buildings built to replace structures destroyed by the earth- quake and buildings constructed simply to accommodate new social and economic needs. As explained by local engineers, the typical building layout integrates very well into the Taiwanese social, economic, and even cultural environment, and its replacement by a more convenient earthquake-resistant configuration faces strong opposition. For these reasons, new Taiwanese design codes do not prevent the construction of new structures having the above-mentioned typical configuration. However, a number of clauses requiring more detailed analysis for buildings with high stiffness and strength eccentricities or an abrupt change of stiffness and strength with height have been implemented in order to limit the extent of the structural deficiencies of this configuration and to discourage engineers from designing buildings with such severe stiffness or strength irregularity (ABRI 2002) . For example, it is stipulated that if the total cross-sectional area of all the nonstructural walls in each principal direction in each story is less than 80% of that in the story above, then its effects on the seismic responses would have to be evaluated in detailed calculations.
SCHOOL BUILDINGS
The typical school buildings in service at the time of the earthquake were reinforced concrete frame structures of two to four stories, which also had important deficiencies in their structural configuration. For instance, windows at all bays on the front side were present in order to comply with government-imposed lighting requirements for classrooms, and masonry infill panels placed both above and below the windows reduced the free height of the columns. In addition, these buildings typically incorporated cantilevered corridors at upper floors, which created stiffness and strength eccentricities. Both the short-column effect and the eccentricities resulted in high shear demands on firstfloor columns, which did not have the necessary shear capacity due to a lack of adequate transverse reinforcement and poor reinforcing details (e.g., ineffective hooks). These columns suffered severe damage (see Figure 7) , which in many cases led to the complete collapse of the buildings (see Figure 8) . Fortunately, the earthquake occurred at a time (1:47 a.m. local time) when students were not attending classes.
A large number of damaged school buildings were repaired/retrofitted by applying reasonable engineering calculations and the latest seismic code prescriptions (see Figures 9a, b, and c) . As illustrated in Figure 9a , existing RC moment-resisting frames were upgraded by casting new properly reinforced columns over existing columns, and adequately connecting them to the existing columns and beams. Nevertheless, the great majority of collapsed school buildings were removed and replaced by new, state-of-theart construction. An example of a structurally sound new school under construction in Tong-Shih is shown in Figure 10 . This composite RC-steel framed structure encom- passes a number of desirable features, such as shop-welded steel beam-column connections with bolted connections away from the joint (see Figure 11 ) and significant amount of transverse reinforcement at critical locations (see Figure 12 ).
Although typical strategies for the repair and retrofit of school buildings are mostly conventional (i.e., addition of shear walls at the front side, separation of column and infill panels, etc.), innovative technologies are also used in some cases. An example is the library building at Feng-Chia University, which has been retrofitted with x-shaped 
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Added Damping Added Stiffness (ADAS) devices (see Figure 13 ). These passive energy dissipation devices have been placed at all floors and along both principal directions.
OBSERVATIONS OF NEW CONSTRUCTION, RETROFIT, AND REPAIR OF BRIDGE STRUCTURES
Damage to bridges during this earthquake was extensive with a number of partially or totally collapsed structures. A number of these bridges were directly affected by surface ruptures and substantial differential ground movements that caused unseating of one or more simply supported spans. Simply supported spans were common practice throughout the Taiwan territory at the time of the earthquake. Other observed failures, such as failed columns or piers, damaged pier-to-deck connections, and unseated spans in both the lateral and longitudinal directions, were caused by excessive shaking of the structures.
The importance of these bridges, as well as the need to reestablish these transportation routes that are vital to the local and global economy, was a primary concern following the earthquake. Unlike most of the building interventions, repairs/retrofits of bridges were all engineered. Among other factors, the time required to reopen the bridges to circulation was critical, and was therefore at the heart of important decisions such as which bridges or portions of bridges had to be rebuilt or could be re-used, and which types of structural systems would be used for the repair/reconstruction.
The preferred construction type for replacement bridges was the use of composite decks supported by continuous steel plate girders. The joints between continuous sections were typically located atop the piers, while the deck rested on elastomeric bearings. The primary reason for this choice of structural system was the speed of construction. A number of these bridges have very similar designs, which minimized the engineering time as well. The elastomeric bearings were not designed as base isolators, and therefore superstructure seismic loads were not reduced in the design process. Nonetheless, it is expected that the response of these new bridges to a subsequent earthquake would be greatly reduced by the isolation actually provided by these bearings. Restrainers and shear keys at the abutments were also used for newly built bridges and for the retrofit of existing bridges to mitigate the risk of both longitudinal and transverse unseating of the bridge spans.
PEI FENG BRIDGE
The Pei Feng Bridge was originally a system of simply supported spans on concrete bridge piers. Following the differential vertical and horizontal movements caused by the ruptured fault running directly beneath the bridge, several spans collapsed (see Figure   Figure 18 . Yen Feng Bridge: (a) damaged structure, and (b) failed girder bearing. (Photos from NCREE)
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14a). New concrete piers were built to replace those supporting the collapsed portion of the bridge, while the piers supporting the uncollapsed spans were re-used.
The new bridge was built with continuous concrete beams with elastomeric bearings and transverse restraints. As can be seen in Figure 14b , a kink is observed in the deck at the intersection of the portions supported by the new and old piers. As illustrated in Figure 15 , the diaphragms of the uncollapsed portion of the bridge were connected by longitudinal restrainers, and additional shear keys were added at the piers to restrain movement in the transverse direction.
SHI WEI BRIDGE
The Shi Wei Bridge was originally composed of two parallel, simply supported concrete bridges, each with three spans. The end span of each bridge collapsed due to the tilting of the bridge piers caused by the fault passing underneath the bridge (see Figure  16a ). The original structure was completely removed and rebuilt as a continuous composite steel plate-girder/concrete-deck system, sitting on three-column concrete bents with elastomeric bearings (see Figure 16b ).
Both lateral and longitudinal restrainers were included at the abutments at the level of the shear keys (see Figure 17) . The heavily damaged foundations were also completely replaced.
YEN FENG BRIDGE
The Yen Feng Bridge was originally a simply supported concrete bridge sitting on two-column bents. Ground shaking caused a sliding failure between the bent cap and the columns at the level of the bearings, while severe cracking was observed at the top of the piers at the connection with the bent cap (Figure 18a and b) . Two additional columns were added between the original two exterior columns and the bent cap was increased both in depth and in width (Figure 19 ). Restrainers were also added at the level of the abutments and above the bent caps.
WU SHI BRIDGE
The Wu Shi Bridge originally comprised two parallel simply supported concrete bridges, supported by RC piers. The fault rupture beneath the bridge caused massive shear failures to the piers (Figure 20a ). The completely reconstructed bridge is a continuous steel plate girder/concrete deck system resting on two-column bents. Elastomeric bearings and restrainers were also used in this bridge (Figure 20b ). 
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The Mao Lou Shi Bridge experienced flexural spalling at the top of the columns, as well as shear cracking in the upper third of the columns. This cracking was primarily due to the significant eccentricity of the piers with respect to the deck, which has two of its four girders supported by a cantilevered crossbeam. A cracked column, as well as the shoring that was installed for safety purposes immediately following the earthquake, can be seen in Figure 21 .
The damaged columns were retrofitted with steel jackets and vertical prestressing tie downs, as well as with stiffener plates between the crossbeam and the column. Figure  22a shows a retrofitted column, while Figure 22b shows a detail of the posttensioning system and stiffening plates.
CONCLUDING REMARKS
The earthquake reconnaissance three years after the 1999 Chi-Chi earthquake offered the opportunity to assess the response of the Taiwan community to a devastating earthquake. The response of the engineering community was visible primarily in the repair/retrofit/upgrade of important structures such as bridges and school buildings. The engineered interventions were based on a rational understanding of the lessons learned form this earthquake, as well as on internationally recognized techniques of earthquake risk mitigation. Consequently, these structures can be expected to perform significantly better than their predecessors in service at the time of the Chi-Chi earthquake. Nonetheless, a significant amount of privately owned buildings either retrofitted following the earthquake or existing in other areas of the seismically prone Taiwan territory still present important risks, to which no effective, economically viable solution has yet been observed in this trip.
The educational value of this reconnaissance trip was unique as it offered an intensive, well-organized, and very enriching experience to graduate students from all over the United States. The combination of presentations from highly qualified researchers, along with on-site visits was a major factor that contributed to the success of this field mission. The idea of carrying out reconnaissance efforts a few years following a major earthquake also proved to be enriching since the information gathered on the causes of failures and on the decisions about repair/retrofit and upgrade of structures is of significant importance to engineers, researchers, and building officials who will face similar decisions following a major earthquake in the future.
Other important lessons for the graduate students who participated in this reconnaissance trip were the firsthand observation of the impact of a major earthquake on the built environment, the engineering mistakes that were behind the damaged structures, the conclusions reached after analysis of these failures, the decisions made on the engi- 
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neered repair and upgrade of important structures, and finally, the reality of widespread non-engineered retrofits and repairs of residential and commercial structures.
It is therefore highly recommended that similar activities be organized and supported by the centers for graduate students in the future.
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